Abstract: Multidetector computed tomography (MDCT) acquisition during a single breath hold using thin collimation provides high resolution volumetric data set permitting multiplanar and three dimensional reconstruction of the proximal airways. In chronic obstructive pulmonary disease (COPD) patients, this technique provides an accurate assessment of bronchial wall thickening, tracheobronchial deformation, outpouchings refl ecting dilatation of the submucous glands, tracheobronchomalacia, and expiratory air trapping. New software developed to segment adequately the lumen and walls of the airways on MDCT scans allows quantitative assessment of the airway dimensions which has shown to be reliable in clinical practice. This technique can become important in longitudinal studies of the pathogenesis of COPD, and in the assessment of therapeutic interventions.
Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by functional abnormalities and considered a slowly progressive airway obstructive disorder resulting from an exaggerated infl ammatory response that ultimately destroys the lung parenchyma (emphysema) and induces irreversible reduction in the caliber of small airways in the lung (airway wall remodeling). Computed tomography (CT) has been the best imaging technique to assess in vivo the extent of emphysema. Recommendations in CT protocols for adequate reproducibility have been made in order to use CT for quantitative assessment of emphysema in longitudinal studies (Coxson and Rogers 2005) . Bronchial wall thickening is commonly observed on thin-section CT scans of patients with COPD, particularly those having chronic bronchitis (Takasugi and Godwin 1998; Deveci et al 2004; Kitaguchi et al 2006) . Bronchial wall thickness and the extent of emphysema at CT in COPD patients have proven to be both the strongest independent determinants of the degree of airfl ow obstruction at pulmonary function tests (Nakano et al 2000) . For these patients, measuring airway dimensions at CT in the large bronchi can provide an estimate of small airway remodeling (Nakano et al 2005) . It is likely that the same pathophysiologic process that causes small airway obstruction, also takes place in large airways, where it has less functional effect.
Introduction of the multidetector CT (MDCT) technique has tremendously improved the ability to assess the proximal airways in three dimensions (3D). Different image analysis techniques have been developed to make measurements of airway dimensions on CT scans (Coxson and Rogers 2005) .
This review describes the morphologic changes in the airways observed on MDCT scans of patients with COPD, as well as the CT techniques for quantitative assessment of the airways which may become extremely important in longitudinal studies of the pathogenesis of COPD and the assessment of therapeutic interventions.
MDCT for optimal visualization of airways
With the new generation of multislice CT scanners, it becomes possible to acquire the entire lung volume in a single breath hold with 0.6 to 0.75 mm slice thickness or less, and to reconstruct overlapped axial images every 0.6 mm or less by interpolation. Using a 512 2 matrix or 768 2 matrix, the CT images voxels may be converted into cubic dimension (isotropic voxels). These new CT acquisitions provide volumetric high-resolution data sets allowing multiplanar reformation of high-resolution. On the same data sets, 3D postprocessing techniques can be interactively applied on purpose (Grenier et al 2002) . They include intensity projection techniques, CT bronchography, and virtual bronchoscopy. The minimum intensity projection technique projects the tracheobronchial air column into a viewing plane. Pixels encode the minimum voxel value encountered by each ray. Airways are visualized because air contained within the tracheobronchial tree is lower in attenuation than surrounding pulmonary parenchyma. CT bronchography uses a volume rendering technique applied at the level of central airways after reconstruction of 3D images of the air column contained in the airways (Fetita et al 2006) . Virtual bronchoscopy provides an internal analysis of the tracheobronchial walls and lumens owing to a perspective rendering algorithm that simulates an endoscopic view of the internal surface of the airways (Grenier et al 2002) (Figure 1 ).
Because the bronchiole walls measure less than 0.1 mm in thickness, the small airways are not visible on volumetric high resolution CT. However, when infl ammatory changes are present in the bronchiolar wall and lumen, the bronchioles may become visible on CT scans, as small centrilobular nodular and/or linear opacities. To apply maximum intensity projection technique on 4-7 mm thick slabs may increase the detection and improve the visualization of these small centrilobular opacities. The technique consists of the projection into the viewing plane of the voxels having the highest attenuation value. This increases projection of abnormal bronchioles into the viewing plane and keeps the same high resolution as a thin slice. Complementary MDCT acquisition using low dose over the entire lungs during a forced expiratory maneuver (dynamic respiratory CT) is requested to detect tracheobronchomalacia and to assess the extent of expiratory trapping expressing the obstruction of the small airways.
MDCT fi ndings of airway infl ammation and remodeling in COPD
Abnormal thickening of bronchial wall in COPD expresses the main pathologic changes described in proximal airways of these patients. These changes include hypertrophy and hyperplasia of the bronchial glands, which develop enlarged ducts and goblet-cell hypoplasia, chronic infl ammatory cell infi ltration of the bronchial mucosa, and hypertrophy of the bronchial wall smooth muscle. After CT acquisition using a helical thin-section MDCT protocol, the application of minimum intensity projection technique on 3-7 mm thick slabs including proximal airways allows the visualization of small air collections in the wall of the main and lobar bronchi (Figure 2a ). This air-fi lled outpouchings or diverticula may be numerous enough to give rise to the accordion-like (or widetooth comb) appearance previously described at bronchography (Zompatori et al 2006) . The virtual endoscopic view shows the irregular inner surface with the presence of small pits corresponding to the outpouchings and diverticula (Figure 2b ). These radiologic abnormalities may be referred to the pathological changes previously described. Depression and dilatation of the bronchial gland ducts are present on the mucosal surface; when multiple depressions and dilatations fuse, they form a diverticulum which herniates between and through the smooth muscle cellular bundles; this diverticulum may enlarge in case of rupture of these bundles.
Cartilage abnormalities are also frequently present in COPD, due to atrophy and scarring. This defi ciency of bronchial cartilage induces alternated narrowing and dilatation of the airways in advanced disease, explaining why bronchiectasis may be depicted on thin section CT scans in COPD patients. Cartilage defi ciency is also responsible for prominent collapse of airway lumen occurring at maximum forced expiratory maneuver. On expiratory CT scans, the lumen of segmental or subsegmental bronchi may collapse exaggeratedly, particularly in the lower lobes where the cartilage defi ciency is the most apparent. In some COPD patients, the cartilage defi ciency involves the trachea and the main bronchi. The diagnosis of tracheobronchomalacia at CT is based on the decrease in cross-section area of the tracheal lumen greater than 70% at expiration. Dynamic expiratory multislice CT may offer a feasible alternative to bronchoscopy in patients with suspected tracheomalacia (Baroni et al 2005) . The reduction of airway may have an oval or crescentic shape. The crescentic form is due to the bowing of posterior membranous trachea (Boiselle and Ernst 2006) (Figure 3 ). Investigation of airways using MDCT in COPD patients Small airways abnormalities may also be present on CT scans of COPD patients. Small nodular centrilobular opacities may be depicted. They refl ect either reversible (mucus plugging and infl ammation) or irreversible (peribronchiolar fi brosis) pathologic changes.
Air trapping depicted as areas of hypoattenuation on expiratory CT scans in COPD patients probably refl ects the presence of fi brosis and stenosis on the small airways, as well as smooth muscle hyperplasia rather than a reduction of the alveolar wall surface (Gevenois et al 1996) . However, expiratory air trapping in these patients may also be the result of airway obstruction caused by loss of alveolar attachment to the airways, directly related to emphysema.
Quantitative CT assessment of airway dimensions
Airway lumen and airway wall areas may be quantitatively assessed on CT images by using specifi c techniques that must be reproducible as well as accurate in order to compare the airways pre-and postintervention, and to carry out longitudinal studies of airway remodeling. Airway lumen and wall areas measured on axial images depend on the lung volume, and the angle between the airway central axis and the plane of section. Volumetric acquisition at controlled lung volume is required in order to precisely match the airways of an individual on repeated studies. The control of lung volume at CT is obtained by spirometrically triggering. During inhalation and exhalation the spirometer and associated microcomputer measure the volume of gas inspired and expired and trigger CT after the specifi c volume is reached. When the trigger signal is generated, air fl ow is inhibited by closure of mechanical occlusion device attached to the spirometer and the scanning starts.
Measurements of airway lumen and wall area have to be restricted to airways that appear to have been cut in cross-section based on the apparent roundness of the airway lumen. Measuring airway lumen and airway walls when they are not perpendicular to the scanning plane may lead to signifi cant errors, the magnitude of which will depend on how acutely the airways are angled, the collimation, and on the fi eld of view. The larger the angle and the fi eld of view and the thicker the collimation, the greater the overestimation of airway wall area. Most of the airways examined in axial CT slices are also more likely to be running obliquely to the plane of the section, rather than perpendicularly, owing to the anatomy of the lung.
To circumvent this limitation, King and colleagues (2000) attempted to correct for errors caused by orientation of the airway by defi ning the angle of deviation of each airway from the z-axis. This was achieved by estimating the same airway on sequential images immediately preceding and following the airway on which measurements are made. Saba and colleagues (2003) developed an alternative technique for measuring airways that are not cut in cross-section. This method involves fi tting an ellipse to the airway lumen and wall and shows great promise in correcting errors in measurement of obliquely cut airways. Nowadays multidetector CT technology allowing 3D reconstructions of the bronchial tree and its central axis has become the ideal solution to solve the problem.
3D reconstruction of the bronchial tree and its central axis Fetita and colleagues (2004) designed a 3D airway assessment software (BronCare) that provides automatically a 3D segmentation of the lumen of the bronchial tree and reconstruction of the airways in 3D allowing determination of the central axis of the airways (Figure 4 ). This 3D computation of the central axis of the tracheobronchial tree allows interactive selection of any location on any given bronchus with automatic reformation of the airway cross section in a plane perpendicular to this central axis (Figure 5a ). These multiplanar reformations orthogonally to the central axis are obtained interactively at different sampling locations on the bronchus. This analysis technique overcomes the major limitation to the use of high resolution CT (HRCT) in quantitative analysis, which is that accurate or true airway lumen and airway wall area can only be measured from airways which are oriented approximately perpendicular to the plane of scanning.
2D segmentation of inner and outer contours of bronchial cross-section
Different image analysis techniques have been developed to make measurements of airway dimensions on CT scans. In the initial studies in which airway dimensions were measured using CT, the investigators relied on manual tracing on axial CT images of the inner and outer contours of the airway wall cross-section (Webb et al 1984; McNamara et al 1992; Seneterre et al 1994; Okazawa et al 1996) . These techniques are extremely time-consuming and suffer from large intra-and interobserver variability in measurement of airway wall and lumen areas. Therefore, computer-aided and automated techniques have since then been developed to measure airway dimensions. Different types of algorithms have been developed to segment the inner and outer contours of airway cross-section (Coxson and Rogers 2005) . Full width-at-half maximum (FWHM) is the most common method (Nakano et al 2002a) . This technique evaluates the pixel value distribution of measured x-ray attenuation shown in a CT image along a ray that is projected from the central point of the lumen to the parenchyma. The magnitude of this attenuation is greater in the airway wall than in the lumen or lung parenchyma because X-ray absorption is greater in soft tissue than air. The shape of this curve is dependent on various parameters, including the reconstruction algorithm used to create the image, partial-volume averaging and the edge blurring due to the point spread function of the CT scanner. The distance between the points at which the attenuation is half value between the local minimum (in the lumen or parenchyma) and the maximum (within the wall) is considered to be the wall thickness (Nakano et al 2000 (Nakano et al , 2002b . Although this method provides a standardized and unbiased measurement, it has limitations. Validation studies using phantoms and anatomic specimens showed that CT scans consistently overestimate airway wall area and underestimate lumen area, and these errors become very large in small airways. For these reasons, investigators developed different techniques (maximum-likelihood method, Investigation of airways using MDCT in COPD patients score-guided erosion, Laplacian of Gaussian algorithm and energetic aggregation model) to attempt to overcome these limitations. Reinhardt and colleagues (1997) showed that wall thickness can be predicted with greater accuracy by using the "maximum-likelihood method", in which the attenuation threshold along each ray is matched to an ideal calculated ray. King and colleagues (2000) developed a technique known as "score-guided erosion algorithm", in which airway wall edges are found by using an edge-detection algorithm which assumes that airways are circular and have a relatively high wall density compared with the surrounding parenchyma.
Berger and colleagues (2005) used Laplacian of Gaussian algorithms to develop a software tool for extraction of bronchial lumen and wall areas on CT scans. They demonstrated on phantom and excised sheep lung studies that the measurements of bronchial dimensions were accurate and reproducible.
With Saragaglia and colleagues (2005), we developed an automatic segmentation procedure (BronCare) of the inner and outer contours of the bronchial cross-section, based on a combination of gray level mathematical morphology operators, and energy-controlled propagation in order to overcome the diffi culties raised by vessel adjacencies and wall irregularities (Figure 5b) .
The segmentation accuracy was validated with respect to a 3D mathematically modeled phantom of a pair bronchusvessel which mimics the characteristics of real data in terms of gray-level distribution, caliber and orientation. The BronCare software offers the feasibility to measure several segmental and subsegmental bronchi, independently of the orientation with respect to the acquisition plane.
Accuracy of measurements
All the analysis algorithms presented above have been validated using data from phantom studies and excised animal lungs, or by developing a realistic modeling of airways and pulmonary arteries included in CT scans of animal lungs obtained in vivo (King et al 2000; Nakano et al 2002b; Saragaglia et al 2005; Montaudon et al 2007) . Their accuracy in measuring the airway lumen and wall according to the size of the voxel is good only for bronchi measuring at least 2 mm in diameter (Grenier et al 2002; de Jong et al 2005) .
The important clinical application of quantitative assessment of the airway dimensions in patients with chronic airway disease is to follow up changes in dimensions on successive CT examinations. Brillet and colleagues (2007) defi ned specifi c validation criteria to increase the confi dence in the measurement accuracy by taking into account the different anatomic and physical constraints. Note that bronchi have neither a circular section because of lumen irregularities due to mucosa folds or hypertrophied submucous glands, nor a perfect cylindrical or conical shape. Recently, Matsuoka and colleagues (2005) in a study based of CT scans of the chest in normal volunteers, reported high variations in wall area measurements from one 2-mm thickness slice to another, with changes of more than 5% between successive slices in 29% of bronchi. To circumvent this limitation, we proposed to take into account a minimum of 10 cross-sectional contiguous slices to validate the lumen and wall areas measurements of a given bronchus. Measurements calculated as the average value from 10 successive cross-section images of the bronchus have proven to be more reproducible between two different CT acquisitions than measurements made on a single cross-section image (unpublished data).
The second anatomic constraint is due to the close contact between bronchial wall and adjacent vessels. In some cases, both structures may have the same density and the outer contour of the bronchus is diffi cult to delimit. In order to ensure the accuracy of the quantifi cation, a confi dence index defi ned as the percentage of the bronchial wall contour that was not abutted by vessels was introduced. Based on an experimental study, the confi dence index should be above 55% in order to minimize the risk of measurement errors (Brillet et al 2007) .
Measurement of bronchial length and 3D assessment of inner and outer contours of the bronchi
On the basis of the 3D reconstruction of the central axis of the airways, it is easy to measure accurately and reproducibly the length of bronchi. In addition, a 3D approach of quantitative assessment of airway dimensions (lumen and wall volumes) becomes potentially feasible by sophistication of current algorithm (Figure 6 ) (Saragaglia et al 2005) .
Radiation dose
To reduce the radiation dose delivered by MDCT scans over the entire chest expected to be repeated in the follow-up of COPD patient remains an important issue, particularly in young women. However, reducing dramatically the dose would induce an overestimation of emphysema extent (Zaporozhan et al 2006) and measurement errors in airway dimensions.
In practice, both morphologic and quantitative assessment of the lung parenchyma and airways may be obtained at a radiation exposure value of 300-350 mGy × cm. This leads , B 10 and B 10b+c ; red landmarks). Cross-section image reformation of bronchi perpendicular to their central axis with automatic 2D bronchial lumen (green) and wall (red) segmentation are presented on black-and-white and colored images. The yellow arrows are pointing at the regions of close contact between the bronchial wall and the surrounding vessels where an overestimation of the wall area may occur. The percentage of the "reliable wall", which refers to the bronchial wall contour that is not abutted by vessels may lead to validate (green V) or invalidate (red X) the measurements.
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to an effective dose of 5-6 mSv. At this level of dose, the lifetime attributable risk of cancer incidence is very small and decreases as a function of age (Einstein et al 2007) . Allowing for the fact that COPD patients are usually more than 40 years old, repeated follow-up CT studies might be acceptable.
Applications of CT assessment of airways to COPD
Until now, applications of these techniques to COPD have been limited. Orlandi and colleagues (2005) showed that bronchial wall measurements at CT differ between patients who have COPD with chronic bronchitis and those who have COPD without chronic bronchitis. Forty-two consecutive patients with COPD, 20 with and 22 without chronic bronchitis underwent gated thin-section CT and pulmonary function tests on the same day. The wall areas (WA, WA%) and thickness-to bronchial diameter ratio, and the mean lung attenuation were signifi cantly higher in patients with chronic bronchitis than those without chronic bronchitis. These bronchial dimensions correlated signifi cantly (p Ͻ 0.05) with the forced expiratory volume in one second (FEV 1 ) to vital capacity ratio and diffusion capacity of the lung for carbon monoxide in patients with but not in patients without chronic bronchitis. This correlation between airway dimensions and indices of airway obstruction in patients with COPD and chronic bronchitis suggests that the bronchial tree is the site of anatomic-functional alterations in this patient group. Aziz and colleagues (2005) assessed the contribution of airway abnormalities and distribution of parenchymal disease in functional impairment using CT in 101 patients with emphysema. Stepwise regression analysis revealed that bronchial wall thickness and the extent of emphysema quantifi ed on CT scans were strongly independent determinants of FEV 1 (R 2 = 0.49, p = 0.002, p Ͻ 0.001, respectively). The only morphologic features linked to diffusing capacity (DLCO) levels on multivariate analysis were increasingly extensive emphysema and a higher proportion of emphysema in the core region of the lungs (R 2 = 0.45, p Ͻ 0.001, p = 0.002, respectively). Nakano and colleagues (2000) used CT to measure lung attenuation and the dimensions of the trunk of the apical bronchus of the right upper lobe in a large series of 114 smokers being obstructed or unobstructed despite having a comparable smoking history. Quantifi cation of emphysema was obtained by using thresholding technique of lung attenuation at -960 HU and expressed as the percentage of lung areas having an attenuation value under the threshold value (LAA%) on 3 thin-collimation CT scans. On the cross-section image of the bronchus, the authors calculated the airway wall area (WA) and the percentage wall area (WA%). The CT measurements revealed that a decreased FEV 1 (% predicted) is associated with an increase of airway wall areas and an increase of emphysema. Although both airway wall thickening and emphysema correlated with measurements of lung function, stepwise multiple regression analysis showed that the combination of airway and emphysema measurements improved the estimate of pulmonary function test abnormalities. Some of the obstructed smokers had only an increase in WA% while others had only an increased LAA% and some had both an increase in WA% and LAA%. All symptomatic smokers had thicker walls than asymptomatic smokers (Nakano et al 2000) . These data suggest that individual COPD patients may have emphysema or airway wall remodeling as their predominant phenotype and that these phenotypes can be separated by use of CT scanning.
It has been recognized for a long time that the major site of airway narrowing in COPD is membranous airways with an internal diameter less than 2 mm (Hogg et al 2004) . In a recent study by Nakano and colleagues (2005) , WA% measured by CT for airways with an internal diameter greater than 0.75 cm predicted the mean dimensions of the small airways with an internal diameter of 1.27 mm (R 2 = 0.57, p Ͻ 0.01). This result supports the observation of Tiddens and colleagues (1995) who found that cartilaginous airway wall thickening was related to airfl ow obstruction and to small airway infl ammation and suggests that a similar process affects both large and small airways in susceptible COPD patients. Thickening and narrowing of the larger airways, which are amenable to CT assessment, may serve as a surrogate measure to quantify the small airway infl ammatory process. In a series of 52 patients with clinically stable COPD, Hasegawa and colleagues (2006) used specifi c software to measure airway dimensions on reformatted CT images perpendicular to the central axis of the airways, and to analyze the relationship of the airfl ow limitations with the airway dimensions from the third to the sixth generation of the apical bronchus (B1) of the right upper lobe and the anterobasal bronchus (B8) of the right lower lobe. Airway lumen area (LA%) and wall area (WA%) percent were signifi cantly correlated with FEV 1 % predicted. The correlation coeffi cients improved as the airways became smaller in size from the third (segmental) to sixth generations, demonstrating that airfl ow limitation in COPD is more related to the dimensions of the distal than proximal airways.
Conclusion
MDCT and specifi c new analysis software have allowed better assessment of morphologic changes in proximal airways in COPD patients. Recent developments of quantitative methods for accurate assessment of airway dimensions become potentially utilizable for longitudinal studies of the pathogenesis of the disease and the assessment of therapeutic interventions in clinical trials or for a given patient.
